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Eye-safe UV Stand-off Raman Spectroscopy for the
Ranged Detection of Explosives in the Field
J. A. Carroll,∗ E. L. Izake, B. Cletus, and E. Jaatinen
Increasing worldwide terrorist attacks involving explosives presents a growing need for a rapid and ranged
explosive detection method that can be safely deployed in the field. Stand-off Raman spectroscopy shows
great promise, however, the radiant exposures of lasers required for adequate signal generation are often
much greater than what is safe for the eye or skin, restricting use of the technique to unpopulated areas. Here,
by determining the safe exposure levels for lasers typically used in Raman spectroscopy, optimal parameter
values are identified which produce the largest possible detection range using power densities that do not
exceed the eye-safe limit. It is shown that safe ultraviolet (UV) pulse energies can be more than 3 orders of
magnitude greater than equivalent safe visible pulse energies. Coupling this to the 16 fold increase in Raman
signal obtained in the UV at 266 nm over that at 532 nm results in a 131 times larger detection range for the
eye-safe 266 nm system over an equivalent eye-safe 532 nm laser system. For the Raman system described
here, this translates to a maximum range of 42 m for detecting Teflon with a 266 nm laser emitting a 100 mm
diameter beam of 23.5 mJ nanosecond pulses.
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Introduction
The number of worldwide terrorist attacks has increased
annually since 2004, with the most recent collections of
data[1] showing that a record number of terrorist attacks
occurred in 2012 with a corresponding increase in fatal-
ities and injuries. The 8198 recorded terrorist attacks
worldwide in 2012 was a 65% increase on the number
that occurred in 2011 with a corresponding 89% increase
in fatalities (15401 compared to 8155) and an increase of
76% in injuries (25436 compared to 14493). In addition,
the use of explosives, bombs and dynamite (EBDs) as
the preferred weapon of choice in these attacks has also
been on the rise, with 5400 of the 2012 attacks carried
out using EBDs, which is almost twice the number used
in 2011 (2745), as shown in Fig. 1.
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Figure 1: Annual terrorist attacks worldwide and the amount
using explosives between 2004 and 2012.[1]
Raman spectroscopy is one technique that has been
proven to be highly effective for the ranged detection
of explosives and other dangerous materials.[2–5] These
studies continue to demonstrate that rapid, non-invasive
substance detection with Raman spectroscopy can occur
over large distances[6] while still maintaining high signal to
noise ratios.[7] To accurately discriminate the substance
over large distances, a high signal level is necessary and
typically this requires the use of lasers with high output
powers or pulse energies. Essentially, the overall range
of detection of the system will be limited by the avail-
able laser beam power. However, it is well known that
coherent laser light has the potential to cause significant
injury to the human eye or skin if the irradiance or ra-
diant exposure exceeds the maximum permissible expo-
sure (MPE)[8,9] for that particular human tissue. Unfortu-
nately in the many practical Raman laser systems used
for ranged detection of substances, the laser irradiance
or radiant exposure used are often many orders of mag-
nitude greater than what is safe for the eye or skin in order
to increase the detection range to practical distances. As
a result, this risk of injury to unprotected personnel in the
vicinity of the laser limits the use of the stand-off Raman
detection technique in the field.
The safe exposure level to laser light as defined by
the MPE, depends on many beam parameters specific to
that laser such as power, beam quality and, is particularly
dependent on, wavelength.[8,9] In particular, a ‘safe’ laser
power at one wavelength can be many orders of magni-
tude higher than at another wavelength and is, therefore,
a more optimal choice for an exposed beam stand-off Ra-
man detection system because of its increased detection
range without increasing the risk of injury.
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In this paper we consider the wavelength dependence of
the maximum permissible exposures of both the eye and
skin to laser radiation, to identify spectral regions where
both organs are more resilient to injury. The light and
beam properties of typical commercial lasers that radiate
within these spectral windows are then considered to de-
termine what operational range is possible when used as
part of a stand-off Raman detection system, while ensur-
ing that the laser emission does not exceed any MPE.
Here we experimentally compare the use of 532 nm and
266 nm nanosecond pulsed laser radiation for stand-off
Raman signal detection of Teflon and determine, for the
equipment used, what the maximum operational range
is for each wavelength while maintaining emission to be-
low the relevant MPE. Through this investigation we find
that for comparable experimental geometries that the 266
nm radiation produces a Raman signal that is 108 times
greater than that obtained at 532 nm which is in good
agreement with the presented theoretical analysis. As will
be discussed, the larger Raman signal at 266 nm cou-
pled to the much higher MPE at that wavelength, when
compared to that at 532 nm, results in a significantly in-
creased detection range at the ultraviolet (UV) wavelength
with eye-safe levels of laser radiation.
Experimental
Throughout the world various nations have developed
standards that assist users in those countries to operate
their laser systems safely and minimize the risk of injury.
Of these, the European IEC 60825-1[8] and the American
ANSI Z136.1,[9] or variants of them, are most commonly
adopted. Both of these documents detail the procedure
for determining the maximum permissible exposure that
the eye or skin can tolerate without injury that apply for a
specific set of laser parameters. In this study the MPE for
both the eye and skin were determined using the proce-
dure outlined in IEC 60825-1[8] for pulsed laser systems
with a pulse duration of 5 ns and a repetition rate of 10 Hz.
These parameters were chosen as they are typical for the
many practical Q-switched nanosecond pulsed laser sys-
tems that are commercially available. The MPE for the
skin and eyes were determined, with the most restrictive
used as the overall MPE.
The calculated single pulse equivalent MPE for a 5 ns
pulse duration, 10 Hz repetition rate and an exposure du-
ration of 1 s for wavelengths in the UV to near infrared (IR)
range is shown in Fig. 2. Here it has been assumed that
the spatial distribution of the beam fluence is a TEM00
Gaussian, as that results in an angular subtense of 1.5
mradian and produces the lowest and therefore, most re-
strictive, MPE.[8] Since the intention is to use the Raman
system to perform a detection as rapidly as possible (ie
< 1 s), an exposure time of 1 second exposure dura-
tion was assumed. While the value of the MPE is sen-
sitive to parameters such as the repetition rate, variation
of the repetition rate over the range typically possible for
Q-switched nanosecond Nd:YAG lasers used in stand-off
Raman spectroscopy reveals that the trend in Fig. 2 re-
mains predominately unaffected. Fig. 2 shows that the
MPE is significantly higher in the UV (λ < 400 nm) and
IR (λ > 1400 nm) regions than in the visible and NIR re-
gions. Therefore, in the UV and IR wavelength regions,
lasers that are eye-safe can have pulse energies many
orders of magnitude greater than equivalent eye-safe vis-
ible laser systems. For example, a 1 second exposure to
a 266 nm laser with a 5 ns pulse duration, a 10 Hz repeti-
tion rate, a beam diameter of 7 mm and a pulse energy of
0.1 mJ should not result in eye injury, however a 1 s expo-
sure to a 532 nm laser with 5 ns pulse duration, a 10 Hz
repetition rate, a beam diameter of 7 mm and a pulse en-
ergy of 0.2 µJ, has the potential to injure the eye. As will
be shown, since the maximum operating distance of the
stand-off Raman system is limited by the pulse energy, it
is not surprising that the 266 nm pulsed system will have
a much greater range than the 532 nm system when the
pulse energies are kept to safe levels.
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Figure 2: MPE over a range of excitation laser wavelengths for
a standard pulsed Raman laser.
All Raman experiments were performed with a pulsed
Nd:YAG laser operating at a pulse repetition frequency
of 10 Hz and a pulse duration of 5 ns. 532 nm emission
was obtained by attaching a second harmonic module to
the laser which could be interchanged with a fourth har-
monic module to generate the 266 nm output. A 2 mm
thick, 30 mm × 30 mm square film of Polytetrafluoroethy-
lene (PTFE), also known as Teflon, was used as a sample
because of its well defined 731 cm−1 Raman line, making
it a suitable standard for the comparisons.[10] The result-
ing Raman signal from the sample was collimated with
a 50 mm diameter collection lens prior to transmission
through an appropriate edge filter to block the elastic scat-
ter, and refocused with a focusing lens onto the entrance
slit of a spectrometer. Light detection was performed by
a PIMAX-4 gated ICCD camera. The photon count inci-
dent upon the CCD of the camera was then recorded with
Lightfield, software used to display photon count and po-
sition as typical Raman spectra. The 731 cm−1 Raman
band was used as a reference for each experiment, and
in the following, the term ‘Raman signal intensity’ will refer
to the intensity of the 731 cm−1 band. Variation in instru-
ment factors such as the efficiencies of diffraction grating,
camera response and edge filters were analysed for both
wavelengths and corrections made to the measured Ra-
man signal intensities at 266 nm and 532 nm. For all ex-
periments, data was collected with an 8 ns gate applied
to the camera, with each incident pulse at the centre of
this window.
Analysis
Fig. 2 shows that the safe exposure level as defined by
the MPE is dependent on the laser beam parameters.
Similarly the Raman signal observed will also depend on
the same laser parameters such as wavelength and pulse
characteristics, as well as the configuration of the stand-
off setup. In the following we describe several experi-
ments that investigated the effect that changes in laser
pulse energy, collection distance, acquisition time, and
the beam size at the sample had on the Raman signal
intensity observed with this system.
Theoretically, the intensity of the Raman scattered
light depends on numerous variables such as energy, dis-
tance, wavelength, and proximity to resonances.[11,12] For
light scattering by molecules much smaller than the wave-
length of incident light, the intensity, I, of scattered light
can be modelled by considering the emission source to
be an oscillation of the molecule’s electric dipole induced
by the incident light:[11]
I =
ν4dµ
2
0sin
2θ
32pi20c30
, (1)
where νd is the oscillation frequency of the induced elec-
tric dipole, µ0 is the amplitude of the induced electric
dipole, 0 is the permittivity of free space, c0 is the speed
of light in a vacuum, and θ is the angle at which incident
light makes with the axis of the dipole. For the Raman
scattered photons, the frequency of the induced electric
dipole, νd from Eqn (1), is obtained by either adding or
subtracting the molecular frequency, νm to the frequency
of the incident electric field, ν:
νd = (ν ± νm). (2)
At low incident intensities such as those used in typical
stand-off Raman experiments, the time-independent am-
plitude of the induced electric dipole at frequency νd of a
molecule is well approximated by:
µ0(ν ± νm) = αRam ·E0(ν), (3)
where αRam is a polarisability tensor associated with νm,
and E0(ν) is the time-independent amplitude of the elec-
tric field of the incident light. The square of Eqn (3) can
be represented in component form through combination
with the angular dependence in Eqn (1):
µ20(ν ± νm)sin2θ =
∣∣E0(ν)∣∣2∑
ij
∣∣αRamij ∣∣2, (4)
where i is the direction of the scattered light, j is the di-
rection of the incident light, and αRamij is the (i, j)th com-
ponent of the Raman polarisability tensor in Eqn (3). Sub-
stituting Eqn (2) and Eqn (4) into Eqn (1) results in a com-
plete description for the total intensity of Raman scattered
light:
IRaman =
(ν ± νm)4
∣∣E0(ν)∣∣2
32pi20c30
∑
ij
∣∣αRamij ∣∣2. (5)
Thus theoretically, the Raman signal intensity depends on
frequency raised to the fourth power, is linearly depen-
dent on the input energy, U , through
∣∣E0∣∣2 ∝ U , with the
polarizability term,
∣∣αRam∣∣2, capturing any dependence
on electronic transition resonance and pre-resonance ef-
fects as described by Albrecht and Hutley.[13] Studies per-
formed by Dudik et al.[14] produced a simple expression
that captures pre-resonance Raman (PRR) effects that
proved a reasonable approximation for several materials:
αPRR = K
[ ν2e + ν2
(ν2e − ν2)2
]
, (6)
where K is a constant specific to the Raman transition
and νe is the frequency of a resonant electron transi-
tion. As the Raman signal intensity increase through res-
onance is an element of the Raman polarisability tensor,
it can be seen from Eqn (5) and Eqn (6) that the Raman
intensity increase due to pre-resonance scales by a factor
of
∣∣αRam∣∣2 ∝ ∣∣αPRR∣∣2.
The effect of change in incident pulse energy on Ra-
man signal intensity was measured at both 266 nm and
532 nm with the results shown in Fig. 3 and experimental
set up shown in Fig. S1 (Supporting Information). This fig-
ure suggests that a linear relationship exists between in-
put laser energy and the resulting Raman signal intensity,
in good agreement with Eqn (5). Fig. 3 also shows that
the Raman signal at 266 nm is significantly larger than
that observed at 532 nm, even though the experimental
arrangements were equivalent by ensuring both set-ups
had the same overall collection efficiency. Corrections
to the signal levels were made to remove differences in
efficiencies from the diffraction grating, edge filters and
camera at the two wavelengths. Thus, from Eqn (5),
leaving the dependence on wavelength and possible pre-
resonance effects as the source of any variation between
the signals. Teflon has a strong photoabsorption band at
approximately 161 nm, which has been attributed to an
electronic transition corresponding to the band-gap.[15,16]
Assuming the resonant wavelength and the PPR approx-
imation derived by Dudik et al.[14] and given in Eqn (6),
pre-resonance in this case should result in a Raman sig-
nal intensity for the 731 cm−1 band at 266 nm that is 6.6
times greater than that observed with 532 nm excitation.
The dependence of the Raman scattering on wavelength
given by Eqn (5) yields a further factor of 17 increase in
Raman signal intensity at 266 nm over that obtained with
532 nm excitation for the 731 cm−1 band. Combining
all these theoretical factors, results in a total non instru-
ment related Raman signal intensity enhancement of 112
when 266 nm excitation is used, over that obtained with
532 nm. This agrees well with the experimental results
(Fig. 3), which show a Raman signal intensity enhance-
ment of approximately 108 after correcting for instrument
efficiencies.
The much larger Raman signal intensity observed at
266 nm coupled to the much higher MPE at that wave-
length compared to that 532 nm, suggests that reason-
able Raman signal intensity should be observed with 266
nm excitation whilst maintaining eye-safe conditions. By
multiplying the MPE given in Fig. 2 with the cross sec-
tional area of a 7 mm diameter beam, this shows that it is
possible to safely use a pulse energy of 0.1 mJ at 266 nm.
From the observed energy dependence shown in Fig. 3
this pulse energy is sufficient to produce a Raman signal
intensity of 1 count at a distance of 1.8 m. In contrast the
maximum pulse energy that can be safely used at 532 nm
is 0.1 µJ and as shown in Fig. 3 no signal is observed for
such low energies.
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Figure 3: 266 nm and 532 nm Raman signals for Teflon vs
the pulse energy of each pulse over the 1 second exposure.
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Figure 4: Relative MPE over a range of laser wavelengths
for a standard pusled Raman laser.
A theoretical comparison of Raman signal intensity
across a broad range of wavelengths can be performed
by multiplying the MPEs shown in Fig. 2 with the relevant
beam area[8] to determine the maximum safe pulse en-
ergy at each wavelength. Since the Raman signal varies
to the fourth power of the excitation frequency as de-
scribed in Eqn (5) multiplying this pulse energy by ν4
allows the maximum Raman signal obtainable at each
wavelength with eye-safe light levels to be compared as
shown in Fig. 4. Here the Raman signal intensity has
been normalized by the largest signal that occurs at a
wavelength of 315 nm. Fig. 4 shows that the Raman sig-
nals obtained with safe levels of laser radiation in the UV
region are significantly higher than those at other wave-
lengths when resonance or pre resonance effects are ig-
nored.
As Raman scattering is essentially isotropic in na-
ture, the Raman signal intensity should vary as the in-
verse of the distance squared I ∝ d−2, where d is the
collection distance from the sample. Since larger stand-
off distances are possible with higher pulse energies, UV
excitation at eye-safe levels of emission should yield a
greater operational range than visible wavelengths at eye-
safe radiant exposures. To investigate this, the impact
that varying the collector distance had on the observed
Raman signal intensity was investigated at 266 nm and
532 nm. The distance between the collection lens and
the sample was varied by mounting the collection lens,
edge filter, and spectrometer coupling lens on a transla-
tional stage, with the experimental set up shown in Fig. S2
(Supporting Information). After the stage was moved the
optical elements were readjusted to ensure optimal align-
ment by maximizing the Raman signal at that position.
Fig. S3 (Supporting Information) shows the experimen-
tally observed dependence of the Raman signal intensity
on collector distance at both 266 nm excitation and 532
nm. At both wavelengths an inverse square law depen-
dence on distance is clearly observed for this system. As
a result, this dependence can be used to determine the
ratio of the maximum operating range for the two wave-
lengths. Using the established dependence of the Raman
signal on excitation frequency and pulse energy, the ratio
of the detection range at 266 nm (d266) to that at 532 nm
(d532) is given by:
d266
d532
=
(
532× 10−9
266× 10−9
)2√
H266
H532
= 131. (7)
Here H266 is the MPE at 266 nm and H532 is the MPE
at 532 nm. From Eqn (7) we can see that even without
considering any enhancement through resonance effects,
that the ratio of the maximum range of an eye and skin
safe stand-off Raman system at 266 nm would be 131
times greater than an equivalent eye and skin safe sys-
tem at 532 nm.
Further increase in detection range is possible by in-
creasing the beam diameter to compensate for further in-
creases in pulse energy. For example, there is no change
in laser radiant exposure if the beam diameter is dou-
bled for a 4 fold increase in pulse energy. However, since
theoretically at least, the Raman signal intensity depends
on incident energy and not radiant exposure, this should
yield a larger maximum operating distance range without
comprising eye-safety. For relatively low radiant expo-
sures, that are not sufficient to induce higher order hyper-
Raman scattering,[17] no change in signal strength should
be observed if the radiant exposure is changed by alter-
ing the beam diameter while maintaining pulse energy.
To investigate this for the stand-off Raman system used
here at both 266 nm and 532 nm, the laser beam was
first collimated to a diameter of 20 mm using a beam ex-
pander, then focused to different spot sizes. The sample
was placed at each location with the collection optics ge-
ometry the same for each measurement. Experiment lay-
out is shown in Fig. S5 (Supporting Information). The ob-
served Raman signal intensity from the sample for each
different radiant exposure is shown in Fig. S4 (Supporting
Information). This figure shows that for this system the
Raman signal intensity is invariant to changes in beam
radiant exposures for beam diameters in the range 1 to
20 mm. Practically, however, increasing the beam size
while maintaining a constant pulse energy will impact on
the Raman signal at some point. This is because the col-
lection lens will have a finite field of view and if the beam
spot on the target is too large the collection efficiency of
the Raman scatter will decrease. In addition, the size of
the target itself will limit the maximum beam size that can
be used. From a practical point of view, these two limita-
tions will limit the size of the beam used to diameters of
100 mm or less. Certain samples that absorb strongly in
the UV region, such as explosives, can be at risk of po-
tential photodamage, however through variation of the ra-
diant exposure upon a sample this damage threshold can
likely be avoided without impacting on the Raman signal
intensity detected.
To demonstrate how manipulation of the radiant expo-
sure can be practically applied, consider the situation of
the 266 nm laser system emitting ten 5 ns pulses in one
second. Since the relevant MPE for this situation is 3 J
m−2, as shown in Fig. 2, choosing a beam diameter of 20
mm means that the maximum safe pulse energy allowed
is 0.94 mJ. Using these parameters and setting the Teflon
target 30 cm from the collection lens, the Raman spec-
tra was measured and is shown in Fig. 5. In this instance
the observed Raman signal intensity is approximately 800
counts and with these parameters the maximum operat-
ing distance (ie the distance at which the Raman signal
intensity falls to 1 count) is 8.5 m.
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Figure 5: Raman spectra of Teflon collected from 30 cm away,
using ten 5 ns, 0.9 mJ pulses over one second from a 266 nm
excitation laser, with a beam diameter of 20 mm.
A similar analysis was performed for a range of beam
diameters that are practical in that they are relatively
straightforward to realize with standard optics, and that
they are comparable to the size of the samples that the
stand-off Raman system would typically probe. Table 1
gives the maximum eye-safe allowable pulse energies
and the corresponding maximum operating distance for
this range of beam diameters for the Raman system used
here with excitation at 266 nm.
Table 1: Maximum eye-safe pulse energy and corresponding
maximum detection range for varying beam sizes on Teflon
using the 266 nm laser system.
Beam Max Eye-safe Max Detection
Diameter (mm) Pulse Energy (mJ) Range (m)
7 0.12 3
10 0.24 4.2
20 0.94 8.5
50 5.89 21
100 23.5 42
From Table 1 we observe that by increasing beam diam-
eter we have access to larger eye-safe pulse energies
at 266 nm while maintaining the radiant exposure to the
MPE at 3 J m−2. Using these values, we can then theoret-
ically predict the maximum detection range achievable for
Teflon with our 266 nm system, for each beam diameter
and corresponding pulse energy. This table shows that
the detection range increases proportionally with beam
diameter. An example of this from Table 1 is when the
beam has a diameter of 50 mm, where we have a maxi-
mum allowed single pulse energy of 5.89 mJ, which pro-
vides a maximum detection range of 21 m. Doubling the
diameter of the beam to 100 mm allows a single pulse
energy of 23.5 mJ, and doubles the maximum detection
range to 42 m. As the maximum eye-safe pulse energies
at 532 nm for this system are 3 orders of magnitude lower
than those at 266 nm, Raman signals are undetectable at
any range by this system, for these low pulse energies.
Conclusions
While stand-off Raman spectroscopy has proven to be a
highly effective means of detecting substances that are
many metres way from the operator, the risk of injury
through exposure to the laser radiation has somewhat
limited the practical application of the technique. In this
article, it has been shown that the safe exposure levels
in the UV and IR are significantly higher (>1000 times)
than that in the visible, for beam parameters that are typi-
cal for lasers used for stand-off Raman applications. The
eye’s ability to tolerate higher levels of UV light without in-
jury is of particular interest as the Raman signal intensity
produced at shorter wavelengths is considerably higher
than that obtained at longer wavelengths. Therefore, the
use of UV wavelengths in a stand-off Raman application,
yields two benefits by allowing high pulse energies that
are eye-safe to be used, and by producing high Raman
signal intensities. This is demonstrated for a practical Ra-
man system that employs a 5 ns pulsed laser that yields
excitation at 266 nm and 532 nm at a repetition rate of 10
Hz. Here it was shown that at both wavelengths, the ob-
served Teflon Raman signal, increased linearly with pulse
energy and fell inversely with the square of the distance
of the sample from the collection lens. These experimen-
tally observed trends for this system were then used to
extrapolate the maximum operating range at each wave-
length when operated under eye-safe levels of emission.
The results show that the maximum operating range in the
UV for this system is 130 times greater than the equiva-
lent system operating at 532 nm. At either wavelength,
the maximum operating range of the eye-safe system can
be increased by increasing both the pulse energy and
beam diameter while keeping the radiant exposure invari-
ant. For practical beam diameters up to 100 mm, it is
shown that the 266 nm Raman system can be operated
at an eye-safe pulse energy of 23.5 mJ over a distance of
42 m, without risk of injury to the eye. Thus, UV Stand-off
Raman is the optimal choice for ranged, rapid and non-
invasive detection without risk of eye injury allowing it to
be used in public areas.
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